Experimental studies have supported tea as a chemopreventive agent for colorectal cancer. No quantitative summary of the epidemiologic evidence on tea and colorectal cancer risk has ever been performed. The current meta-analysis included 25 papers conducted in 11 countries across three continents (North America, Asia and Europe). Summary odds ratios (ORs) for highest versus non/lowest tea consumption levels were calculated based on fixed and random effects models. The meta-regression and stratified methods were used to examine heterogeneity across studies. For green tea, the combined results from eight studies indicated a reduced risk of colorectal cancer with intake [summary OR ¼ 0.82, 95% confidence interval (CI) ¼ 0.69-0.98]. The protective effect is mainly found among the three case-control studies of colon cancer (summary OR ¼ 0.74, 95% CI ¼ 0.60-0.93). Results from studies of rectal cancer irrespective of study design (case-control versus cohort) (summary OR ¼ 0.99, 95% CI ¼ 0.71-1.37) and cohort studies of colon cancer (summary OR ¼ 0.99, 95% CI ¼ 0.79-1.24) were compatible with the null hypothesis. For black tea, the summary OR derived from 20 studies was 0.99 (95% CI ¼ 0.87-1.13). There is wide divergence in results across the 20 individual studies; formal tests for homogeneity across studies revealed statistically significant differences in findings across all studies (P < 0.001), amongst the 7 cohort studies (P ¼ 0.002), and amongst the 13 case-control studies (P < 0.001). Despite the strong evidence from in vitro and non-human in vivo studies in support of green and black tea as potential chemopreventive agents against colorectal cancer, available epidemiologic data are insufficient to conclude that either tea type may protect against colorectal cancer in humans.
Introduction
The hypothesis of tea as a chemopreventive agent for colorectal cancer development has been extensively studied using in vitro and non-human in vivo experiments. From mutagenicity to tumor development, the majority of experimental studies supported this hypothesis. Over the last three decades, a number of epidemiologic studies were conducted to investigate the association between tea consumption and colorectal cancer risk in humans. Recent narrative reviews (1, 2) concluded that epidemiologic studies did not provide consistent evidence to support tea as chemopreventive agent for colorectal cancer development. There has never been any quantitative attempt to summarize the results on a possible teacolorectal cancer association. This report presents results of a meta-analysis of all published data on this topic, including testing for homogeneity between studies, and computation of summary odds ratios (ORs) for colorectal cancer in relation to green tea and black tea separately.
Materials and methods

Literature search strategy
To search for observational studies of tea consumption in relation to colorectal cancer risk, we conducted a literature search in the following four medical literature databases, MEDLINE, EMBASE, CANCERLIT and BIOSIS PREVIEWS, restricting to English-language papers published from January 1966 to July 2005. For the search on outcome, we identified articles using medical-subject-heading terms 'colorectal neoplasms, colonic neoplasms, or rectal neoplasms', or keywords 'colorectal cancer, colon cancer, rectal cancer, or large bowel cancer.' For the search on exposure, we identified articles using medical-subject-heading terms 'tea, flavonoids, or catechin', or keywords 'green tea, black tea, flavonoid, catechin, thearubigin, or theaflavin.' For the search on study design, we identified articles using medical-subjectheading terms or keywords, 'case-control studies', 'retrospective studies', 'cohort studies', or 'prospective studies.' Articles satisfying the exposure, outcome, and study design criteria were pulled. In addition, all bibliographies of retrieved papers were screened for further relevant publications.
For inclusion in the meta-analysis, the identified articles have to provide information on: (i) the number of colorectal cancer cases and controls studied; and/or (ii) the OR or relative risk (RR) and its corresponding 95% confidence interval (CI), for highest versus non/lowest level of tea intake. In total, forty papers (3-42) were identified. Three ecological studies (7, 13, 33) were excluded because they did not satisfy the study design criterion. The report by Tuyns et al. (39) was excluded because tea intake was not examined apart from coffee intake. Five reports (6, 10, 24, 25, 37) from two ongoing case-control studies in Italy have been published; only the latest one (37) that analyzed the combined data from these two studies was selected. Zheng et al. (42) and Arts et al. (3, 4) reported on the same study (the Iowa Women's Health Study); the report by Zheng et al. (42) was selected because it assessed tea exposure in a similar way as all other studies (cups per day as opposed to total catechins from tea in Arts et al.) . The report by Khan et al. (22) and Kinlen et al. (23) were excluded because colorectal cancer mortality instead of incidence was investigated as the outcome of interest. Three studies (9, 31, 36) were excluded due to insufficient information on numbers of cases and controls, and ORs and their corresponding 95% CIs. Thus, the meta-analysis on tea and colorectal cancer included 25 papers in total. There were seven papers on green tea (19) (20) (21) 28, 29, 35, 41) and 20 papers on black tea (5, 8, 11, 12, (14) (15) (16) (17) (18) (19) 21, 26, 27, 30, 32, 34, 37, 38, 40, 42) , including two papers (19, 21) reporting on both green and black tea intake.
reported on total numbers of cases and controls per category of tea exposure. Thus, for these two studies, we computed crude OR and its corresponding 95% CI based on the published numbers of cases and controls per category of tea intake.
Statistical computing was performed using the STATA statistical software (College Station, Texas). For cohort studies, the percentages of subjects in the highest and non/lowest consumption levels were calculated either as the proportions of the numbers of subjects in these two categories over the total number of study subjects (12, 14, 15, 28, 34, 38, 42) , or as the proportions of person-years in these two categories over the total person-years (26, 35) . For case-control studies, the proportions (expressed as percentages) of control subjects in the highest and non/lowest consumption categories were stated.
Eight studies (8, 14, 19, 21, 28, 35, 40, 42) reported subsite specific (colon and rectum respectively) ORs/RRs (95% CIs) without comparable figures for colorectal cancer. For these studies, we calculated an overall OR (95% CI) for colorectal cancer by means of a weighted average of the subsite specific estimates, with the individual weight being the inverse of the respective subgroup variance (43). Zhang et al. (41) reported on four time-period (20 years ago, 10 years ago, 5 years ago, and current) specific OR (95% CI) for colorectal cancer by gender. We used the 'weighted average' approach described above on the three earliest time periods (20 years ago, 10 years ago, and 5 years ago) to obtain overall gender-specific risk estimates. This 'weighted average' approach was again used to compute an OR (95% CI) for colorectal cancer in both sexes combined, based on gender specific estimates in Il'yasova et al. (17) and Zhang et al. (41) , and gender/subsite specific estimates in Ji et al. (20) . For the latter study, we also derived gender specific and subsite specific estimates of OR (95% CI) from reported figures in the gender/subsite specific cells. Fredrikson We examined possible heterogeneity in results across studies using the Q statistic (44) . We defined statistical significance as P < 0.10 rather than the conventional level of 0.05 because of the low power of this test (45) . The null hypothesis that the studies are homogeneous would be rejected if P is less than 0.10. When there is significant heterogeneity among study results, the random effect model was used to calculate summary OR while the fixed effect model was used to calculate summary OR among studies with homogeneous results. The causes of heterogeneity were explored through both meta-regression and stratified analyses. We investigated whether the following factors contributed to the heterogeneity between studies: study design (case-control versus cohort studies), race/ethnicity (Western versus Japanese populations), method of assessing tea intake (in-person interview versus other assessment methods), year of publication of the study report (before 2000, year 2000 or later), adjustment for coffee consumption (yes versus no), and adjustment for other potential dietary confounders (yes versus no).
Results of the meta-analysis may be biased if the probability of a study being published is dependent on its results. In other words, studies with strong positive findings may be more likely to be published. In an attempt to detect publication bias, we first visually explored asymmetry in Begg's funnel plots, that is, plots of effect estimates against their estimated precision (46). In the absence of a publication bias, the funnel plot should be symmetrical with estimates from larger studies in the center, flanked equally on either side by the less precise estimates. The funnel plots would be skewed (i.e. asymmetrical) in the presence of a publication bias. We formally tested the degree of asymmetry in the funnel plot using Egger's un-weighted regression asymmetry test (47) . We considered the funnel plot to be asymmetrical if the intercept of Egger's regression line deviated from zero with a P value of less than 0.10. We should note that this test for asymmetry possesses relatively low power to detect a real publication bias when the total number of studies included in the meta-analysis is small (25 or fewer), which is the case in the current review.
Results
Green tea
Eight studies (19) (20) (21) 28, 29, 35, 41) [results from two separate cohort studies were reported in ref. (35) ] were included in the meta-analysis on green tea consumption in relation to colorectal cancer risk. There were four cohort studies (28, 29, 35) , two population-based case-control studies (PCCs) (20, 21) , and two hospital-based case-control studies (HCCs) (19, 41) (Table I, Figure 1 ).
Six of the eight studies were conducted in Japan (19, 21, 28, 29, 35) while the remaining two were conducted in China (20, 41) . There was significant heterogeneity across the studies (P ¼ 0.03). The overall results showed a statistically significant, 18% reduction in risk of colorectal cancer with high green tea consumption (summary OR ¼ 0.82, 95% CI ¼ 0.69-0.98). Meta-regression analysis revealed that study design (P ¼ 0.01) is a major contributor to the observed heterogeneity, followed by year of publication (P ¼ 0.07). Among the eight studies, only one assessed green tea intake using in-person interviews (20) and most studies did not adjust for potential dietary confounders (20, 21, 28, 29, 41) . However, method of assessing tea intake (in-person interview versus other methods) and whether adjustment for dietary factors were made were unrelated to study heterogeneity (P ¼ 0.62 and 0.94, respectively).
When we stratified the various studies by design (casecontrol versus cohort), results were consistent within the four cohort studies (P ¼ 0.18) and within the four case-control studies (P ¼ 0.18), but were divergent across the two designs (P ¼ 0.02) ( Table II) . The inverse association between green tea intake and colorectal cancer risk was observed only in case-control studies (summary OR ¼ 0.74, 95% CI ¼ 0.63-0.86). Cohort studies did not support such an association (summary OR ¼ 0.97, 95% CI ¼ 0.82-1.16). When we stratified the studies by country (China versus Japan), a stronger finding was noted among the two studies conducted in China (summary OR ¼ 0.65, 95% CI ¼ 0.45-0.93) compared to those conducted in Japan (summary OR ¼ 0.93, 95% CI ¼ 0.80-1.07) (Table II) .
Results among women were highly divergent (P < 0.001) while results among men were consistent (P ¼ 0.97) ( Table II) . The overall results in women show a non-significant 50% reduction in colorectal risk with high intake of green tea (summary OR ¼ 0.52, 95% CI ¼ 0.25-1.05). No such effect was noted in men (summary OR ¼ 0.89, 95% CI ¼ 0.73-1.08) (P for gender difference ¼ 0.16) (Table II) .
High green tea intake was associated with a moderate reduction in risk for colon cancer (summary OR ¼ 0.86, 95% CI ¼ 0.73-1.00), mainly based on case-control findings (summary OR ¼ 0.74, 95% CI ¼ 0.60-0.93). Cohort studies did not support an association between green tea and colon cancer (summary OR ¼ 0.99, 95% CI ¼ 0.79-1.24). Results in rectal cancer were highly divergent and there was no indication of any association with green tea intake (Table II) .
Based on visualization of the Begg's funnel plot (Figure 2 ), there was some suggestion of publication bias in the reporting of results on green tea intake and colorectal cancer risk. However, formal testing using the Eggers's method did not support the notion of a publication bias (intercept ¼ À0.007, P ¼ 0.98).
Black tea
Twenty studies (5, 8, 11, 12, (14) (15) (16) (17) (18) (19) 21, 26, 27, 30, 32, 34, 37, 38, 40, 42) , including seven cohort studies (12, 14, 15, 26, 34, 38, 42) , nine population-based case-control studies (5, 8, 11, 17, 18, 21, 30, 32, 40) , and four hospital-based case-control studies (16, 19, 27, 37) were included in the meta-analysis on black tea consumption and colorectal cancer risk (Table III, Figure 3 ). There was statistically significant heterogeneity in results across the 20 studies (P < 0.001). Results were different among the seven cohort studies (P ¼ 0.002). Similarly, the 13 case-control studies yielded varying results (P ¼ 0.001).
The summary OR based on all 20 studies was 0.99 (95% CI ¼ 0.87-1.13).
Meta-regression analysis revealed that study population (Western versus Japanese) contributed significantly to the overall heterogeneity (P ¼ 0.002). The summary OR based on three Japanese studies (two were conducted in Japan and one was conducted among Japanese men in Hawaii) (15, 19, 21) (Summary OR ¼ 1.62, 95% CI ¼ 1.22-2.14) was significantly higher than the summary OR based on Western populations (5, 8, 11, 12, 14, (16) (17) (18) 26, 27, 30, 32, 34, 37, 38, 40, 42 ) (summary OR ¼ 0.93, 95% CI ¼ 0.82-1.06). Study design (P ¼ 0.35) and the year of publication of the study report (P ¼ 0.90) did not contribute to the observed heterogeneity across study results. Five studies adjusted for coffee intake (8, 12, 19, 27, 38) , and seven studies assessed black tea intake through in-person interviews (15) (16) (17) (18) 27, 32, 37) . Only six studies failed to adjust for potential dietary confounders in some ways (11, 15, 16, 18, 21, 27) . There was no evidence that failure to adjust for coffee intake (P ¼ 0.63) or dietary confounders (P ¼ 0.78), or the varying method of assessing tea intake (in person interview versus other methods) (P ¼ 0.17) play a role in the heterogeneous findings across studies.
We also examined, using stratified analyses, whether study design (case-control versus cohort), method of assessing black tea intake (in person interview versus other methods), year of Zhang 2002 Inoue 1998
Combined Fig. 1 . Meta-analysis of green tea and colorectal cancer risk.
publication of the study report (before 2000, year 2000 or later), and adjustment for coffee intake or other dietary factors (yes versus no) played any roles in the immense heterogeneity across studies. We excluded the three Japanese studies from this exercise, given that black tea intake is rare in Japan, thus rendering a meaningful interpretation of study results from these studies quite difficult, if not impossible. Results for the 13 studies that did not adjust for coffee intake were heterogeneous (P < 0.001) while the four studies that did adjust for coffee intake were relatively homogenous (P ¼ 0.88). However, summary ORs were similar between studies that did not adjust for coffee intake (summary OR ¼ 0.94, 95% CI ¼ 0.80-1.10) and those that did (summary OR ¼ 0.89, 95% CI ¼ 0.74-1.07) (Table IV) . Consistent with results of the meta-regression analysis, year of publication, method of tea assessment, and whether dietary confounders were taken into consideration were unrelated to the heterogeneity across studies (Table IV) . We examined the black tea-colorectal cancer association in men and women separately. Results differed between men and women (P ¼ 0.03). The overall results in women indicated a statistically significant protective effect of black tea on colorectal cancer risk (summary OR ¼ 0.82, 95% CI ¼ 0.70-0.95). No such association was seen in men (summary OR ¼ 1.15, 95% CI ¼ 0.89-1.50) (Table IV) .
Table IV also shows the meta-analysis results on black tea and colorectal cancer risk separately for colon and rectal cancers. The summary ORs were 1.02 (95% CI ¼ 0.88-1.18) and 0.91 (95% CI ¼ 0.73-1.12) for colon cancer and rectal cancer, respectively. There was no evidence that results on colon cancer differed from those on rectal cancer (P ¼ 0.40).
There was no indication of a publication bias in the reporting of results on black tea and colorectal cancer, either from visualization of the Begg's funnel plot or the Eggers's test of asymmetry (intercept ¼ 0.18, P ¼ 0.12) (Figure 4) .
Discussion
This meta-analysis evaluated the association between green tea and black tea consumption and colorectal cancer risk, based on published results from epidemiological studies. We conclude that there is insufficient information from the relatively few number of epidemiologic studies to provide a definitive assessment on the relationship between black or green tea intake and colorectal cancer risk in humans.
The overall summary OR on green tea and colorectal cancer association, based on eight studies conducted in native Chinese (20, 41) or Japanese (19, 21, 28, 29, 35) , indicated a statistically significant 18% reduction in risk associated with high green tea consumption. However, there was substantial heterogeneity among these eight studies, of which study design is a major source. The reduced risk of colorectal cancer in green tea drinkers was observed in case-control studies only (19) (20) (21) 41) . Furthermore, the protection seemed to be limited to the colon subsite. Given the recognized methodological limitations of the case-control study design, it is premature to conclude at this time that epidemiologic data are in support of green tea as a chemopreventive agent against colorectal cancer in humans. The studies (20, 41) conducted in China showed a stronger inverse association between green tea and colorectal cancer than studies conducted in Japan. The relative lack of unexposed subjects in Japan (only a small segment of the population do not consume green tea on a daily basis) could be one reason for the weaker associations in Japanese.
Black tea consumption is rare in Japanese (15, 19, 21) , whose main tea beverage is green tea. This gives rise to the concern that a meaningful interpretation of any observed black teacolorectal cancer association in Japanese may not be possible. Indeed, results in Japanese were statistically significantly different from those in western populations (P < 0.001). Considerable heterogeneity across studies remains even after exclusion of the three Japanese studies (P < 0.001). We looked for possible explanations to this substantial study heterogeneity, including variation in study design, method of assessing black tea intake, year of study report publication, and whether adjustment for coffee intake or other potential dietary confounders were performed during statistical analysis. None of these factors were important sources of study heterogeneity.
Our results suggest that the black tea-colorectal cancer association differ between men and women (P ¼ 0.03). In fact, the summary OR in women indicate a significant protective effect of black tea (OR ¼ 0.82, 95% CI ¼ 0.70-0.95) while a moderate, nonsignificant risk enhancement effect was noted in men (OR ¼ 1.15, 95% CI ¼ 0.89-1.50). It is biologically plausible that gender plays a modifying role in the black tea-colorectal cancer association. Findings from the Women's Health Initiative Trial (48, 49) corroborated reports of observational studies (50, 51) in support of sex hormones having a direct role in protection against colorectal carcinogenesis.
Results from experimental studies using in vitro cell lines and in vivo animal models support the hypothesis of a protective role of both green tea and black tea in the development of (60, 61) . A protective effect of both green and black tea against the development of pre-cancerous lesions in rat colon also has been shown (62) (63) (64) (65) . In vivo animal studies have demonstrated that both green and black tea extracts or specific tea polyphenols inhibited the development of carcinogen-induced colorectal tumor in rodents (66-69).
We found six reports on tea consumption and risk of colorectal adenomas (21, 30, (70) (71) (72) (73) . Four reported on intake of black tea only, one on intake of green tea only, while one reported on both green tea and black tea intake. Baron et al. (70) reported a non-significant positive association between black tea consumption and colorectal adenoma recurrence following excision of the primary polyps. Cope et al. (71) mentioned that black tea consumption was unrelated to colorectal adenomatous polyps development but did not provide estimates of ORs. When we pooled the remaining three reports (21, 30, 72) on black tea intake and risk of colorectal polyps, the summary OR was 0.99 ( 95% CI ¼ 0.70-1.39, P for heterogeneity ¼ 0.19). The two case-control studies on green tea intake and colorectal adenoma were conducted in Japan and their summary OR was 0.67 (95% CI ¼ 0.56-0.81, P for heterogeneity ¼ 0.92). Therefore, the tea-colorectal adenoma results are in general agreement with those on tea-colorectal cancer as summarized in this meta analysis. There is no evidence of black tea exerting any beneficial effect on colon health. Green tea may have beneficial effects on colon carcinogenesis, although the sparseness and other methodologic limitations of the data preclude any firm conclusions at this time.
In summary, despite strong evidence from in vitro and nonhuman in vivo studies supporting a chemopreventive effect of either green tea or black tea on colorectal carcinogenesis, there is insufficient information from epidemiologic studies to conclude that either tea type can be linked to the prevention of colorectal cancer in humans. To our knowledge, there are no intervention trial data on this topic. Small-scale intervention trials employing intermediate endpoint biomarkers may help to elucidate the biological activities and mechanistic pathways behind the possibly anti-carcinogenic effects of green/black tea in humans.
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